Purpose: Radiomics is a promising tool for identification of new prognostic biomarkers. However, image reconstruction settings and test-retest variability may influence the absolute values of radiomic features. Unstable radiomic features cannot be used as reliable biomarkers. PET/MR is becoming increasingly available and often replaces PET/CT for different indications. The aim of this study was to quantify to what extend [18F]-FDG PET/CT radiomics models can be transferred to [18F]-FDG PET/MR and thereby to investigate the feasibility of combined PET/CT-PET/MR models. For this purpose, we compared PET radiomic features calculated on PET/MR and PET/CT and on a 4D-gated PET/MR dataset to select radiomic features that are robust to attenuation correction differences and test-retest variability, respectively. Methods: Two cohorts of patients with lung lesions were studied. In the first cohort (n = 10), inhale and exhale phases of a 4D [18F]-FDG PET/MR (4DPETMR) scan were used as a surrogate for a test-retest dataset. In the second cohort (n = 9), patients underwent first an [18F]-FDG PET/MR scan (SIGNA PET/MR, GE Healthcare, Waukesha) followed by an [18F]-FDG PET/CT scan (Discovery 690, GE Healthcare) with a delay of 33 AE 5 min (PETCT-PETMR). Lesions were segmented on inhale and exhale 4D-PET phases and on the individual PET scans from PET/CT and PET/MR with two semi-automated methods (gradient-based and threshold-based). The scan resolution was 2.73 9 2.73 9 3.27 mm and 2.34 9 2.34 9 2.78 mm for the PET/CT and PET/MR, respectively. In total, 1355 radiomic features were calculated, i.e., shape (n = 18), intensity (n = 17), texture (n = 136), and wavelet (n = 1184). The intraclass correlation coefficient (ICC) was calculated to compare the radiomic features of the 4DPETMR (ICC(1,1) ) and PETCT-PETMR (ICC(3,1)) datasets. An ICC > 0.9 was considered stable among both types of PET scans. Results and conclusion: The 4DPETMR showed highest stability for shape, intensity, and texture (>80%) and lower stability for wavelet features (40%). Gradient-based method showed higher stability compared to threshold-based method except from shape features. In PETCT-PETMR, more than 61% of shape and intensity features were stable for both segmentation methods. However, a reduced stability was observed for texture (50%) and wavelet (<30%) features. More wavelet features were robust in the smoothed images (low-pass filtering) compared to images with emphasized heterogeneity (high-pass filtering).
INTRODUCTION
Due to its noninvasive nature, imaging has gained an increasing role in identification of new prognostic biomarkers to predict treatment outcome.
1 Pretreatment [18F]-FDG positron emission tomography (PET) scans have been investigated intensively and have shown good prognostic value in multiple oncological diseases. 2, 3 Numerous studies have proposed and investigated so-called radiomic features as new prognostic biomarkers. [4] [5] [6] Radiomics refers to the process of extracting a large number of quantitative imaging features that describe the intratumoral heterogeneity noninvasively using medical images and were partially shown superior to conventional voxel-based standard-uptake value (SUV) metrics in research settings. 7 Radiomic features can be categorized into four types: shape, intensity, texture, and wavelet. Shape and intensity features have shown good predictive power. 8, 9 However, it is known that tumors are spatial and temporal heterogeneous. 10 Therefore, particularly interesting are texture and wavelet features, which focus not only on the individual voxels but also the relation between voxels. Texture features describe the relationship of a single voxel with one or more neighboring voxels and distribution of areas with homogenous intensities, which, may serve as a surrogate for intratumoral heterogeneity. Wavelet features are filter-based features, which enhance certain characteristics of the image based on its frequency domain information. Fast changing gray level values (associated with edges) have high spatial frequencies and low changing gray level values (smoothed regions) contain low spatial frequencies. 5 Biomarkers used for prognostic modeling need to be stable in terms of any variability, excluding the intratumoral heterogeneity. 11 However, the absolute values of radiomic features can be strongly influenced by different effects, which have been extensively investigated in recent years. For example, it has been shown that some features are affected by respiratory and cardiac motion during the imaging process 12, 13 or by image reconstruction (e.g., reconstruction algorithms, noise, partial volume effect). 12, 14 Furthermore, there is a strong intraobserver variability, which is related tumor segmentation in order to define the region-of-interest (ROI). 15 And lastly, random effects originated from the acquisition itself may influence the features.
Test-retest studies are established methods to assess the stability of radiomic features from those random effects, where repeated images within an elapsed time period (typically in the range of days) are acquired from the same patient. On those images, features are calculated and their variability among the scans is assessed. Test-retest studies showed high percentage of [18F]-FDG PET radiomic feature to be stable [14] [15] [16] and that their reproducibility is similar or better compared to the standard SUV metric. 6, 16 However, testretest scans are rarely performed in clinical practice since they are cost-sensitive and there is no clinical benefit for the patients. To overcome the lack of test-retest datasets, Larue et al. 17 have investigated the feasibility of different respiratory phases of gated (4D) CT imaging as an alternative to test-retest scans. They showed that a high percentage of radiomic features were stable in both 4D CT and test-retest scans for 20 non-small cell lung cancer (NSCLC) patients (85% unfiltered, 90% wavelet). 17 Many stability studies have focused on PET, CT, and PET/CT radiomics. However, nowadays, hybrid systems combining PET and magnetic resonance (MR) imaging are becoming increasingly more available and partly replaces PET/CT. 18 MR imaging is an attractive and established imaging modality because it provides superior soft-tissue contrast and does not expose the patient to radiation. One of the largest challenges of PET in PET/MR imaging is the attenuation correction (AC) of photon emission. 19 In PET/CT, this signal correction accounting for the attenuation of the photons in the patient's body can be calculated from the Hounsfield units (HU) derived from CT (CT-AC). Due to the setup of the imaging system, in PET/MR, this signal correction has to be derived from the MR scans (MR-AC). 19, 20 However, in contrast to CT, MR images do not represent the attenuation of photons, but proton density and relaxation properties. Hence, nowadays, MR-AC methods aim to relate MR information to CT HU values. 21, 22 Several AC techniques are available and most of them involve a segmentation step in which this mapping is performed for different tissues such as air, lung, soft tissue, and fat. 23 For example in the PET/MR GE SIGNA system, prior to the PET/MR acquisition an atlas-AC map is generated from the LAVA-Flex T1-weighted images. Predefined linear attenuation coefficients of PET acquisition at energy of 511 keV are assigned to tissue categories to obtain a pseudo-CT which serves as an attenuation map for correction of the PET data. [24] [25] [26] Hence, regional tissue changes in the lung as well as interpatient dependency of the lungs are not accounted leading to high SUV differences. 19, 23, 27, 28 A recent study from Tsujikawa et al. 29 investigated the correlation of radiomic features calculated on PET scans from PET/CT and PET/MR for gynecological as well as oral cavity/oropharyngeal cancer. They concluded that textural features are less affected by scanner and scan protocols than shape and intensity features. However, their study is limited in number of investigated features (n = 8, shape, intensity and texture) and focused on different body entities. 29 Since PET/CT-based prognostic radiomics models have been widely investigated in the past, we want to investigate and quantify to which extend [18F]-FDG PET/CT radiomics models can be transferred to PET/MR imaging, and in particular to which degree those two image modalities can be combined to a common model for lesions in the lung region. For this purpose, we first investigated two phases of a 4D-gated PET/MR as a surrogate for a test-retest dataset according to the above-mentioned methodology of Larue et al. 17 to select features robust to intrinsic random effects from the image acquisition. Then, we want to compare PET radiomic features calculated on PET/MR and PET/CT, respectively.
MATERIALS AND METHODS

2.A. Study population
Similar to the study of Larue et al., 17 ten patients with lung lesions, who underwent a respiratory-gated PET/MR scan (hereon called 4DPETMR), were selected retrospectively as a surrogate for a test-retest dataset. Seven patients had suspected NSCLC and three patients had primary head and neck cancer, thyroid cancer, or lymphoma. An additional dataset of nine patients with proven or suspected NSCLC from a diagnostic comparison trial (2014) (2015) (2016) between PET/CT and PET/MR was included in our investigation (PETCT-PETMR). Three out of those ten patients were identical to the participants of the 4DPETMR comparison. Both observational studies were approved by the local ethic commission (Kantonale Ethikkomission Z€ urich) and written consent was obtained from all individual participants. Patients with a lung lesion volume of >1 cc were enrolled.
2.B. Image acquisition
In 4DPETMR, a 4D [18F]-FDG PET/MR scan was acquired with six phases of the respiratory cycle, phase-gated triggered, where first and fourth phase are maximum inhale and exhale (standard non peak inspiration), respectively. Retrospective gating was performed using bellows.
[18F]-FDG (203 AE 38 MBq) was injected 66 AE 24 min prior to the acquisition. Maximum inhale and exhale phases were chosen, since the exhale phase is the most stable phase in the respiratory cycle in contrast to the inhale phase where we expect more motion artefacts.
In PETCT-PETMR, first a [18F]-FDG 3D PET/MR scan was acquired followed by a [18F]-FDG 3D PET/CT with a delay time of 33 AE 5 min.
[18F]-FDG (220 AE 23 MBq) was injected once for both scans 60 AE 24 min before the first scan. Forty minutes after the injection, patients were transferred to the PET/MR scanner and the MR scan was acquired within 20 min, followed by a PET scan of 10 min. After a transfer time of 15 min, the PET/CT scan was acquired within 12-16 min. Image acquisition was performed with arms up for PET/CT and arms down for PET/MR. SUV were corrected for the injection time by normalizing voxel activity concentration to the injected dose and the patient's body weight.
2.C. Segmentation
In 4DPETMR, the largest thoracic lesion was segmented independently in the maximum inhale and exhale phase using MIM VISTA (Version 6.7.4.). In PETCT-PETMR, only the primary tumor was included into the ROI. The segmentation was performed separately on the PET scans from both PET/ CT and PET/MR. For both investigations, the segmentation was performed using two semi-automated methods: gradientbased and threshold-based segmentation. Threshold level was set patient specific and the same level was set for both PET scans, ranging from 16% to 44% and 27% to 41% for 4DPETMR and PETCT-PETMR, respectively. Segmented ROIs were approved by an experienced physician. The respiratory motion of the lesion was determined using the Euclidean distance of the ROI center of mass of inhale and exhale phases.
2.D. Radiomic features and statistical analysis
Resampling of the images was performed to 3.27 mm using linear interpolation, which is the largest resolution among the studied datasets. Radiomics calculation was performed with an in-house developed radiomics software ZRad implemented in Python programming language (Version 2.7.10). The Z-Rad software has been validated according to the image biomarker standardization initiative (IBSI) Zwanenburg et al. 30 A fixed bin size of 0.25 SUV was chosen according to IBSI (Data S1). In total, 1355 radiomic features were calculated, i.e. shape (n = 18), intensity (n = 17), texture (n = 137), and wavelets (n = 1184) (Table S1 ). Statistical analysis was performed using R (Version 3.3.2). To compare the radiomic features, the intraclass correlation coefficient (ICC) was calculated. An one-way random (ICC(1,1)) and two-way mixed single model (ICC(3,1)) for the variance estimates were used for 4DPETMR and PETCT-PETMR, respectively. 31 In formulas:
BMS and WMS are the between and within subject mean squares, respectively. EMS the residual mean squares from Friedman's two-way ANOVA. The variable j denotes the number of repeated measurements (here, PET scans) and the number of observers (here, segmentation methods). 31 For both investigations, an ICC larger than 0.9 was considered stable among both types of PET scans. Despite the small patient cohort, the high acceptance level of the ICC keeps type I and type II errors small (0.05 and 0.20, respectively). 
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3.A. Segmentation
The SUVmax were on average higher for PET scans from PET/CT compared to those from PET/MR (15.6 and 10.37, respectively) ( Table I ). The median relative volume difference for both investigations was relatively small (less than 11.3%). The median volume differences were overall larger in threshold-based segmented ROI than in gradient-based segmentation for both investigations. Moreover, there was a broader range in volume difference. Overall, the PETCT-PETMR dataset showed higher variability in segmented volumes than the 4DPETMR dataset (Table II) .
3.B. Stable features of 4DPETMR and PETCT-PETMR
3.B.1. 4DPETMR
The respiratory motion of the tumors was found to be moderate. The median Euclidean distance was 3.3 mm (ranged from 0.8 to 4.5 mm) for gradient-based segmentation. The percentages of stable features showed that more than 80% of intensity and texture features yielded an ICC >0.9 between the scans for both segmentation methods. However, only 55.6% of shape and 39.3% of the wavelet features reached this criterion (for the gradient-based method and even less for the threshold-based method) (Fig. 1). 
3.B.2. PETCT-PETMR
In PETCT-PETMR, a larger number of radiomic features was stable when segmentation was performed using the gradient-based compared to threshold-based method, which is in agreement with the improved reproducibility of volume using gradient-based method. More than 61% of shape and intensity features reached an ICC >0.9 between the scans for both segmentation methods. However, only approximately half of the texture features and 28.0% of the wavelet features reached this criterion (for gradient-based and even less for thresholdbased method) (Fig. 1 ).
Texture and wavelet feature analysis among the respective subtypes showed that the texture features based on GLSZM has the largest ICC range [ Fig. 2(a) ]. Furthermore, radiomic features based on LLL wavelet showed higher median stability compared to HHH wavelet features [ Fig. 2(b) ]. Additional analysis using fixed number of bins (n = 16, 32, 64) has been performed and can be viewed in the Data S1. It was observed that the discretization method affects the stability of the features in the PETCT-PETMR comparison, however, no clear trend can be observed.
3.C. Shared stable radiomic features between 4DPETMR and PETCT-PETMR
Comparing stable features of both investigations, a clear difference can be observed between different feature types (Table S1 ).
DISCUSSION
The PET/MR is gaining ground in clinical medicine, owing to high soft-tissue contrast and lack of additional radiation dose from MR. Established PET/CT radiomic models have proven to be prognostic for diseases in the lung region and different outcome parameters. For example, Apostolova et al. 9 have shown that [18F]-FDG PETbased radiomic feature asphericity is predictive for progression-free survival in NSCLC patients and Cook et al. 33 have shown [18F]-FDG PET-based texture features (coarseness, contrast, and busyness) in patients with NSCLC is associated with nonresponse to chemoradiotherapy and with poorer prognosis. Hence, with increased availability of PET/MR scanners, question arises if PET radiomic features from PET/CT can be transferred to PET/MR models for lesions in the thoracic region.
4.A. 4DPETMR and PETCT-PETMR
First, we studied the influence of random acquisition effects on the radiomic features. Overall, approximately 40% of the features were stable in the 4DPETMR comparison. Intensity and texture features had the highest stability. Shape features were highly stable in threshold-based segmentation and showed moderate stability (50%) for gradient-based segmentation. Overall, our results are in agreement with the PET test-retest study of Leijenaar et al., 14 which proves the usefulness of 4D PET imaging as surrogate of test-retest scans in case of lung lesions. Additionally, we investigated wavelet features, where a low stability was observed (approximately 40%).
Second, we compared the PET scans of PET/CT and PET/ MR, and observed that more than two thirds of the investigated features were unstable. The stability within the feature types showed a reduced but still high number of shape and intensity features (>70%) compared to the 4DPETMR dataset (for threshold-based segmentation). However, texture and wavelet features showed lower stability, with less than half of the investigated features being stable. The lowest stability has been observed for features calculated on GLSZM in agreement with others studies which showed that features based on this matrix are more sensitive to acquisition parameters. 8, 14, 34 Furthermore, HHH-based wavelet features appear to be less stable compared to LLL-based wavelet features, where lowpass filters suppress random noise contribution resulting in smoothed ROI.
4.B. Feature stability influences in PETCT-PETMR
Several factors could have influenced the absolute value of radiomic features in this comparison. One potential reason for this difference can be the AC difference. However, this comparison can be influenced also by scanner factors affecting PET scan acquired on different machines: for example, the time lapse between both acquisitions, the resolution of PET scans, the intrinsic system sensitivity of both scanners, and even potential differences in patient positioning or lesions location among both scans. 35 
4.B.1. AC difference
Reliable and robust photon attenuation derived from MR datasets is a field of ongoing investigation in the nuclear medicine and medical physics community. We have observed a difference in SUVmax values between PET/CT and PET/ MR datasets. This difference will affect the semi-automated segmentation methods used in our study which leads to a variation in segmented volumes. In fact, threshold-based segmented volumes showed higher variability in volumes compared to gradient-based, since in our study it is based on the SUVmax. This reduces the stability of the shape and intensity features. It has been reported that SUVmax and/or SUVmean difference was less than 10% in PET corrected by MR-AC compared to the identical PET corrected by CT-AC 19, 23, 27 however, considerable variation in SUV in lung tissue was observed. 19, 27 This effect may be compensated for by adjusting the attenuation coefficients.
4.B.2. Time lapse
In our study, both scans were acquired with 33 min time difference. Studies have reported that the [18F]-FDG concentration in tumorous tissue does not reach a plateau within 90 min postadministration. 36 Hence, the observed difference in SUV max values was also partially caused by the PET/MR acquisition prior to the PET/CT. Ideally PET/CT and PET/ MR scans were acquired with no time lapse, however, these kinds of careful administration of repeated acquisition are performed to optimize repeatability, but are not typical and realistic for clinical conditions. 37, 38 Studies have shown an average time difference of 33 AE 20 min between two uptake periods to better reflect the clinical setting. 38, 39 Lovat et al. 40 have investigated the effect of PET postinjection scanning time on texture features for neurofibromatosis-1 patients and have observed high agreement in texture features between the scans and no significant change in segmented tumor volume. Notably, this study investigated a different tumor entity and had different uptake times, and hence their results cannot be fully transferred to our study.
4.B.3. Spatial image resolution
Furthermore, variation in SUV can also originate from the difference in spatial image resolution of the compared PET scans. Shafiq et al. 41 have shown that 63 of 213 investigated shape and first-order radiomics were unstable with varying voxel size. Stability of those could be improved using resampling to the same voxel size. To address this uncertainty, the images were resampled to the same spatial resolution. However, resampling alters the SUV 42 and introduces additional variation among PET image datasets derived from PET/CT and PET/MR.
4.B.4. Intrinsic scanner sensitivity
Moreover, also both scanner types used in our study have a different sensitivity, as was shown by Zeimpekis et al. 43 
4.C. Comparison of 4DPETMR and PETCT-PETMR
Nevertheless, the intersection of shape and intensity features of 4DPETMR and PETCT-PETMR remains high in our study. We have observed 100% agreement for intensity features, indicating that time lapse and AC affected the absolute SUV value but not its distribution within the lesions. Few of the texture were found to be stable in PETCT-PETMR comparison but not stable in 4DPETMR study. In terms of texture feature types, these features are associated with low gray level-enhanced features, which are likely to be less sensitive to blurring sourced from the respiratory motion during the long acquisition time in conventional 3D PET images. 44 In case of wavelet features, a poor stability was observed for both 4DPETMR and PETCT-PETMR. For both investigations, more features were stable in the smoothed images (low-pass filtering) in comparison to images with emphasized heterogeneity (high-pass filtering) (Table S1 ). This may be explained by the impact of high-pass filters applied on the images, enhancing fast varying gray levels. Similar to texture features, two thirds of the stable wavelet features from the 4DPETMR study were affected by the differences in AC, time lapse or resolution differences. One third of wavelet features stable in 4DPETMR dataset were also stable in PETCT-PETMR comparison. Approximately 16% of wavelet features stable in PETCT-PETMR were not stable in the 4DPETMR dataset. Most of them were wavelet features calculated on low-pass filtered images, which have a reduced noise impact.
4.D. Limitations
In our study, we have shown that a high extent of shape and intensity features are stable among PET/CT and PET/MR and can be thus used interchangeably between PET/CT and PET/MR radiomic models for patients with lung lesions. In wavelet and texture features, only a few selected features are stable among both modalities. However, some limitations of our investigation need to be considered.
First, in our study, features calculated on PET scans of (3D) PET/CT and PET/MR were compared and stable features were set in agreement with a 4D-gated PET/MR phase comparison to account for modality-intrinsic random effects from the image acquisition. Oliver et al. 44 have investigated the impact of respiratory motion on the stability of the 3D and 4D imaging radiomic features. They have compared 3D and 4D PET shape, intensity and first-order radiomics and they showed that features calculated on 3D and 4D PET scans differ. Differences were attributed to both ROI motion and count statistics (noise). 44 Adams et al. 45 investigated the factors affecting SUV measurements. They showed SUV varies up to 30% due to an averaging effect of motion during acquisition in 3D PET which causes blurring in the images. This results in higher susceptibility of 4D acquisition to noise. Additionally, Oliver et al. 44 observed that PET features were more stable compared to CT features when comparing 3D and 4D acquisition. Conventional PET scans usually have longer acquisition times that can impact the radiomic feature stability particularly in the lung region, where image acquisition is influenced considerably by respiratory motion. One main conclusion refers to the reduced stability of CT compared to PET due to the higher spatial image resolution and therefore higher impact from respiratory motion. This is a risk of using 4D PET acquisition as a surrogate of test-retest study.
Second, uptake time correction was shown not capable to fully account for the SUV changes over time. Additionally, we assumed the FDG kinetics to be irreversible. To our knowledge, the impact of FDG kinetics on SUV heterogeneity pattern within the tumor has only been investigated by Lovat et al. 40 However, since they investigated a different tumor entity and different uptake times, conclusion drawn from their observation are limited. Therefore, further investigations are needed to fully account for the time lapse observed in our study.
Third, partial volume effects are affecting segmenting volumes. Further investigations are needed to explore the influence of image resampling on the partial volume effect.
Fourth, limitation of this study is the small sample size of ten and nine patients for 4DPETMR and PETCT-PETMR dataset, respectively, as well as the small investigated volumes that show to influence the intratumoral uptake heterogeneity. 46, 47 Finally, respiratory motion was assumed to be regular, but irregularities can introduce uncertainties in feature stability.
4.E. Recommendation
In this work we have shown a majority of radiomic features calculated on PET from PET/CT and PET/MR to be nonstable and hence, these features should not be used for outcome modeling of combined PET/CT -PET/MR models. Several approaches were investigated to overcome this inherent problem. One approach, used in a majority of radiomics-based models, is to discard all unstable features prior to the development of outcome models. However, as seen in this work, this results in a major number of features to be discarded solely due to their scanner variability, despite their potential prognostic power as biomarker. Another approach is to postprocess the PET scans to harmonize the variability. For example, effects from different pixel sizes can be addressed using resampling combined with additional low-pass filters. 48 However, it has be ensured that the harmonization addresses the scanner and image acquisition variability only and preserve the patient variability. In a recent publication, a PET reconstruction harmonization method ComBat, first introduced in genomic studies, was suggested to correct for center variability. 49 They reported for nine investigated features (three SUV based and six texture based) that tissue dependent variability could be preserved and that they could correct for imaging protocol differences. 49 Nevertheless, as we have shown, uptake time differences in PET acquisition affect the PET scans strongly, which has to be considered for any type (single-or multimodality) of PET models.
CONCLUSION
In this study, we have investigated the interchangeability of [18F]-FDG PET/CT-based radiomic features to [18F]-FDG PET/MR for lung lesions. Despite differences in imaging techniques and influences on the SUV (time lapse, spatial resolution differences, and motion), there are radiomic features which showed high stability. Shape and intensity features were stable between both image modalities. However, only a few selected texture and wavelet features were stable (51.5% and 28%, respectively). Only a reduced number of radiomics features can be used when models from PET/CT are transferred to PET/MR or when combined image modality models for lung lesion are determined. A more detailed study to investigate impact of time lapse on stability of the features is needed. Additional investigations should be performed to draw conclusion for other entities.
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